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Abstract: We present a study of the central exclusive π+π− production via the pho-
toproduction mechanism in nucleon-nucleon collisions. The photon-pomeron/reggeon and
pomeron/reggeon-photon exchanges both for the ρ0 resonance contribution and the Drell-
Söding contribution are considered. The amplitudes for the processes are formulated in
terms of vertices respecting the standard crossing and charge-conjugation relations of Quan-
tum Field Theory. The coupling parameters of tensor pomeron and reggeon exchanges are
fixed based on the H1 and ZEUS experimental data for the γp→ ρ0p reaction. We present
first predictions of this mechanism for the pp → ppπ+π− reaction being studied at COM-
PASS, RHIC, Tevatron, and LHC. We show the influence of the experimental cuts on the
integrated cross section and on various differential distributions for outgoing particles. Dis-
tributions in rapidities and transverse momenta of outgoing protons and pions as well as
correlations in azimuthal angle between them are presented. We compare the photoproduc-
tion contribution to π+π− distributions with double pomeron/reggeon two-pion continuum.
We discuss whether the high-energy central production of ρ0 mesons could be selected ex-
perimentally.
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1 Introduction
There is a growing interest in understanding the mechanism of exclusive ρ0 resonance and
continuum π+π− production in the nucleon-nucleon collisions. This is closely related to
ongoing experimental studies of the COMPASS [1], STAR [2, 3], CDF [4, 5], ALICE [6, 7],
ATLAS [8] and CMS [9, 10] collaborations.
Some time ago two of us proposed a simple Regge-like model for the π+π− continuum
based on the exchange of two pomerons/reggeons [11]. For further work see [12]. These
model studies were extended also to K+K− production [13]. Predictions for experiments
at different energies have been presented also in Chapter 2 of [14] in order to make precise
comparison between calculations and experimental data. In addition to the continuum one
has to include also two-pion resonances. Production of scalar and pseudoscalar resonances
was studied by us very recently [15] in the context of the theoretical concept of tensor
pomeron proposed in Ref. [16]. In the present paper we focus on exclusive production of the
ρ0 resonance followed by the decay ρ0 → π+π−. Due to its quantum numbers this resonance
state cannot be produced by pomeron-pomeron fusion. The exchanges contributing are
photon-pomeron/reggeon and reggeon-pomeron/reggeon.
The γp → π+π−p process has been discussed recently [17, 18] within the model for
tensor-pomeron and vector-odderon [16]. It was known for a long time that the shape
of the ρ0 in photoproduction is skewed. An explanation was given by Söding following a
suggestion by Drell [19–21]; see also [22]. The skewing is due to the interference of con-
tinuum π+π− production with the π+π− production through the ρ0 meson. Usually there
are problems of gauge invariance when adding these two contributions to the π+π− pro-
duction and restoration of the gauge invariance is to some extent arbitrary. The authors of
Ref. [17] obtained a gauge-invariant version of the Drell-Söding mechanism which produces
– 1 –
the skewing of the ρ0-meson shape. The γp→ π+π−p reaction would be helpful to test the
model and its parameters against available data.
In the literature exist some phenomenological models of light vector meson photopro-
duction in the pp → pV p reaction, e.g. the color dipole approach [23, 24], and the pQCD
kt-factorization approach [25–28]. In the latter case the authors also consider absorption
effects due to strong proton-proton interactions.
In this paper we focus on the four-body pp → ppπ+π− reaction with the pion pair
produced by photon-pomeron/reggeon fusion. For the ρ0 resonance production we consider
the diagrams shown in Fig. 1. In these diagrams all vertices and propagators will be taken
here according to Ref. [16]. The diagrams to be considered for the dominant non-resonant
(Drell-Söding) contribution are shown in Fig. 2. In the following we collect formulae for the
amplitudes for the pp → ppπ+π− (or pp¯ → pp¯π+π−) reaction within the tensor pomeron
model [16]. We expect that the central exclusive ρ0 photoproduction and its subsequent de-
cay are the main source of P -wave in the π+π− channel in contrast to even waves populated
in double-pomeron/reggeon processes.
A complete calculation for central exclusive π+π− production in pp collisions at high
energies clearly must take into account more diagrams than those of Figs. 1 and 2. For
instance, in these figures we could replace the virtual photon by the ρIR reggeon. As
already mentioned, we can have double pomeron/reggeon exchange leading to π+π− in the
continuum or to the f2(1270) resonance decaying to π
+π−. We shall come back to all these
processes in a further publication. Here we concentrate on our first “building block” for this
program, the processes of Figs. 1 and 2. Due to the photon propagators occurring in these
diagrams we expect these processes to be most important when at least one of the protons
is undergoing only a very small momentum transfer.
There is also a non-central diffractive ρ0 production via the bremsstrahlung-type mech-
anism. But the ρ0 mesons originating from such a mechanism are expected to be produced
very forward or very backward in analogy to the ω-bremsstrahlung considered in Ref. [27].
Similar processes were discussed at high energies also for the exclusive π0 meson [29], and
γ [30] production.
Our paper is organised as follows. In section 2 we discuss the γp → ρ0p reaction.
Turning to the pp→ ppπ+π− reaction we give in section 3 analytic expressions for the non-
resonant (Drell-Söding) and the resonant (through the ρ0 meson) amplitudes. In section 4
we present numerical results for total and differential cross sections and discuss interference
effects between the two contributions. Moreover, we will present our prediction for the
two-pion invariant mass distribution at LHC energy of 7 TeV in proton-proton collisions,
which is currently under analysis by the ALICE and CMS collaborations.
Closely related to the reaction pp → ppπ+π− studied by us here are the reactions of
central π+π− production in ultra-peripheral nucleon-nucleus and nucleus-nucleus collisions,
pA → pAπ+π− and AA → AAπ+π−. For the latter process high-energy data exist from
the STAR [31–34] and the ALICE [35] collaborations. For theoretical reviews treating such
collisions see for instance [36–38]. The application of our methods, based on the tensor-
pomeron concept, to collisions involving nuclei is an interesting problem which, however,
goes beyond the scope of the present work.
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Figure 1. The central exclusive ρ0 production and its subsequent decay into P -wave π+π− in
proton-proton collisions.
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(b)
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(c)
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Figure 2. The diagrams for photon-induced central exclusive continuum π+π− production in
proton-proton collisions. There are also 3 additional diagrams with the role of (p(pa), p(p1)) and
(p(pb), p(p2)) exchanged.
IP, f2IR [a2IR]
γ
p p
ρ0 [ω] ρ
0
Figure 3. Photoproduction of a ρ0 meson and its subsequent decay into a π+π− pair via pomeron
and subleading reggeon exchanges.
2 Photoproduction of ρ0 meson
The amplitude for the γp → ρ0p reaction shown in Fig. 3 includes not only pomeron (IP ),
but also reggeon (f2IR, a2IR) exchanges.
First, we write down the amplitude for the γp→ ρ0p reaction via the tensor-pomeron
exchange as follows
〈
ρ0(pρ, λρ), p(p2, λ2)
∣∣T ∣∣ γ(q, λγ), p(pb, λb)〉 ≡
Mλγλb→λρλ2 = (−i) (ǫ(ρ) µ)∗ iΓ(IPρρ)µναβ (pρ, q) i∆(ρ) νκ(q) iΓ(γ→ρ)κσ (q) ǫ(γ) σ
×i∆(IP )αβ,δη(s, t) u¯(p2, λ2)iΓ(IPpp)δη (p2, pb)u(pb, λb) , (2.1)
where pb, p2 and λb, λ2 = ±12 denote the four-momenta and helicities of the ingoing and
outgoing protons, ǫ(γ) and ǫ(ρ) are the polarisation vectors for photon and ρ0 meson with
the four-momenta q, pρ and helicities λγ = ±1, λρ = ±1, 0, respectively. We use standard
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kinematic variables
s = W 2γp = (pb + q)
2 = (p2 + pρ)
2 ,
t = (p2 − pb)2 = (pρ − q)2 . (2.2)
The IPρρ vertex is given in [16] by formula (3.47). The propagator of the tensor-
pomeron exchange is written as (see (3.10) of [16]):
i∆
(IP )
µν,κλ(s, t) =
1
4s
(
gµκgνλ + gµλgνκ − 1
2
gµνgκλ
)
(−isα′IP )αIP (t)−1 (2.3)
and fulfils the following relations
∆
(IP )
µν,κλ(s, t) = ∆
(IP )
νµ,κλ(s, t) = ∆
(IP )
µν,λκ(s, t) = ∆
(IP )
κλ,µν(s, t) ,
gµν∆
(IP )
µν,κλ(s, t) = 0, g
κλ∆
(IP )
µν,κλ(s, t) = 0 . (2.4)
Here the pomeron trajectory αIP (t) is assumed to be of standard linear form with intercept
slightly above 1:
αIP (t) = αIP (0) + α
′
IP t, αIP (0) = 1.0808, α
′
IP = 0.25 GeV
−2 . (2.5)
The corresponding coupling of tensor pomeron to protons (antiprotons) including a vertex
form-factor, taken here to be the Dirac electromagnetic form factor of the proton F1(t) for
simplicity (see Section 3.2 of [39]), is written as (see (3.43) of [16]):
iΓ(IPpp)µν (p
′, p) = iΓ(IP p¯p¯)µν (p
′, p)
= −i3βIPNNF1
(
(p′ − p)2){1
2
[
γµ(p
′ + p)ν + γν(p
′ + p)µ
]− 1
4
gµν(p/
′ + p/)
}
, (2.6)
where p/ = γκp
κ and βIPNN = 1.87 GeV
−1. A sufficiently good representation of the Dirac
form factor F1(t) is given by the dipole formula
F1(t) =
4m2p − 2.79 t
(4m2p − t)(1 − t/m2D)2
, (2.7)
where mp is the proton mass and m
2
D = 0.71 GeV
2 is the dipole mass squared.
For the f2IR reggeon exchange a similar form of the propagator and the f2IRpp effective
vertex is assumed, see (3.12) and (3.49) of [16], with the Regge parameters:
αIR+(t) = αIR+(0) + α
′
IR+ t, αIR+(0) = 0.5475, α
′
IR+ = 0.9 GeV
−2 . (2.8)
The f2IRpp vertex is obtained from (2.6) replacing 3βIPNN by gf2IRpp/M0 with M0 = 1 GeV
and gf2IRpp = 11.04.
In the high-energy small-angle approximation we get, using (D.19) in Appendix D of
[15],
Mλγλb→λρλ2(s, t) ∼= ie
m2ρ
γρ
∆
(ρ)
T (0) (ǫ
(ρ) µ)∗ǫ(γ) νVµνκλ(s, t, q, pρ)
×2(p2 + pb)κ(p2 + pb)λ δλ2λbF1(t)FM (t) . (2.9)
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Here 4π/γ2ρ = 0.496, (∆
(ρ)
T (0))
−1 = −m2ρ with the meson mass mρ taken from PDG [40].
The function Vµνκλ(s, t, q, pρ) has the form
Vµνκλ(s, t, q, pρ) =
1
4s
×
{
2Γ
(0)
µνκλ(pρ,−q)
[
3βIPNN aIPρρ(−isα′IP )αIP (t)−1 +M−10 gf2IRpp af2IRρρ(−isα′IR+)αIR+ (t)−1
]
−Γ(2)µνκλ(pρ,−q)
[
3βIPNN bIPρρ(−isα′IP )αIP (t)−1 +M−10 gf2IRpp bf2IRρρ(−isα′IR+)αIR+ (t)−1
]}
,
(2.10)
where the explicit tensorial functions Γ
(i)
µνκλ(pρ,−q), i = 0, 2, are given in Ref. [16], formulae
(3.18) and (3.19), respectively. In (2.9) FM (t) is the pion electromagnetic form factor in a
parametrization valid for t < 0,
FM (t) =
1
1− t/Λ20
, (2.11)
where Λ20 = 0.5 GeV
2; see e.g. (3.22) of [39] and (3.34) of [16].
Fig. 4 (left panel) shows the integrated cross section for the γp→ ρ0p reaction, calcu-
lated from (2.9), as function of the center-of-mass energy together with the experimental
data. We have checked that the cross section from the a2IR-exchange is about three orders
of magnitude smaller than from the f2IR-exchange. This is due to the fact, that the γ-ω
coupling is much smaller than the γ-ρ coupling and ga2IRpp ≪ gf2IRpp; see (3.50) and (3.52)
of [16] . Thus, in the present calculations we have neglected the a2IR-exchange contribu-
tion. As shown in [16] the IPρρ and f2IRρρ coupling constants a and b are expected to
approximately fulfil the relations: 1
2m2ρ aIPρρ + bIPρρ = 4βIPpipi = 7.04 GeV
−1 , (2.12)
2m2ρ af2IRρρ + bf2IRρρ = M
−1
0 gf2IRpipi = 9.30 GeV
−1 ; (2.13)
see (7.27) and (7.28) of [16]. In our calculations two parameter sets of coupling constants
are used:
set A : aIPρρ = 0.7 GeV
−3 , af2IRρρ = 0 GeV
−3 ,
bIPρρ = 6.2 GeV
−1 , bf2IRρρ = 9.3 GeV
−1 , (2.14)
set B : aIPρρ = af2IRρρ = 0 GeV
−3 , bIPρρ = 7.04 GeV
−1 , bf2IRρρ = 9.3 GeV
−1 . (2.15)
At low energies there are other processes contributing, such as meson exchanges (e.g. π0,
η, σ), the ρ0 bremsstrahlung, baryonic resonances decaying into the ρ0p channel etc. Thus,
the Regge terms should not be expected to fit the low-energy data precisely. We refer the
reader to [41–46] for reviews and details concerning the ρ0 photoproduction mechanism at
1The coupling constants of the leading trajectories in Eq. (2.10) have been estimated from the
parametrization of total cross sections for π+p and π−p scattering assuming σtot(ρ
0(ǫ(λρ)), p) =
1
2
[
σtot(π
+, p) + σtot(π
−, p)
]
for λρ = ±1. The theoretical formulae of total πp cross sections are discussed
in Section 7.1 of [16].
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Figure 4. Left panel: The elastic ρ0 photoproduction cross section as a function of the center-of-
mass energy Wγp. Our results are compared with the HERA data [47, 49–52] (solid marks) and
with a compilation of low energy data (open circles); see Fig. 10 of Ref. [47] for more references.
The solid line corresponds to results with both the pomeron and f2IR exchanges. The individual
pomeron and reggeon exchange contributions denoted by the long-dashed and short-dashed lines,
respectively, are presented. The black lines represent parameter set A of coupling constants given
by (2.14) while the green line represents set B (2.15). Right panel: The differential cross section
dσ/d|t| for the γp → ρ0p process. The ZEUS data at low |t| (at γp average center-of-mass energy
<
√
s >= 71.7GeV [47]) and at higher |t| (at< √s >= 94GeV [48]) are shown. The top and bottom
lines represent the results at
√
s = 80 GeV for ρ0 meson transverse (λρ = ±1) and longitudinal
(λρ = 0) polarisation, respectively. Here we have used parameter set A of coupling constants given
by (2.14).
low energies. We see from Fig. 4, left panel, that our model calculation describes the total
cross section for γp→ ρ0p fairly well for energies Wγp & 8 GeV.
In the right panel of Fig. 4 we show the differential cross section for elastic ρ0 pho-
toproduction. The calculations, performed for
√
s = 80 GeV, are compared with ZEUS
data [47, 48]. We can see that, according to our calculation, the amplitude for longitudi-
nal ρ0 meson polarisation is negligible and vanishes at t = 0. The sum of the λρ = ±1
contributions describes the data well up to |t| ≈ 0.5 GeV2.
In Ref. [17] detailed model calculations for the reaction γp → π+π−p have been pre-
sented using the approach to soft scattering from [16]. The diagrams considered in [17]
include ρ0 production, as in our Fig. 3, but also a number of other processes; see Fig. 1 of
[17]. Our results here for ρ0 production are in agreement with those from [17]; see Figs. 3
and 4 there. This gives a very valuable cross check of the programs used for the calculations
in [17] and in our present paper. We shall now go on and calculate with the same methods
amplitudes and cross sections corresponding to the diagrams of Figs. 1 and 2.
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3 The central exclusive two-pion production
We shall study exclusive production of π+π− in proton-proton collisions at high energies
p(pa, λa) + p(pb, λb)→ p(p1, λ1) + π+(p3) + π−(p4) + p(p2, λ2) , (3.1)
where pa,b, p1,2 and λa,b, λ1,2 = ±12 denote the four-momenta and helicities of the protons,
and p3,4 denote the four-momenta of the charged pions, respectively. In the following we
will calculate the contributions from the diagrams of Figs. 1 and 2 to the process (3.1), that
is, the photon-pomeron and photon-f2IR reggeon exchange contributions. These processes
are expected to be the dominant ones for highly peripheral pp-collisions. Experimentally
such collision could be selected by requiring only a very small deflection angle for at least
one of the outgoing protons.
The kinematic variables for reaction (3.1) are
p34 = p3 + p4, q1 = pa − p1, q2 = pb − p2,
s = (pa + pb)
2 = (p1 + p2 + p34)
2, M2pipi = p
2
34,
s1 = (pa + q2)
2 = (p1 + p34)
2, s2 = (pb + q1)
2 = (p2 + p34)
2,
t1 = q
2
1, t2 = q
2
2 ; (3.2)
see also Appendix D of [15].
The Born amplitude for exclusive photoproduction of π+π− can be written as the
following sum:
MBornpp→pppi+pi− =M(γIP ) +M(IPγ) +M(γf2IR) +M(f2IRγ) . (3.3)
If we want to treat pp¯-collisions (Tevatron) we must be careful since then there is no
symmetry any more for the amplitude under p(pa)↔ p(pb), p(p1)↔ p(p2), etc. Using the
charge conjugation (C) properties of the γ, IP and f2IR exchanges we get for pp¯ scattering
from (3.3)
MBornpp¯→pp¯pi+pi− =M(γIP ) −M(IPγ) +M(γf2IR) −M(f2IRγ) . (3.4)
Note that these sign changes are automatically obtained using the Feynman rules for the
tensor pomeron and f2IR exchanges but have to be implemented by hand for the vectorial
pomeron and f2IR exchanges.
3.1 ρ0-resonance contribution
The “bare” amplitude (excluding rescattering effects) for the γIP -exchange, see diagram (a)
in Fig. 1, can be written in terms of our building blocks as follows:
M(γIP )
λaλb→λ1λ2pi+pi−
= (−i)u¯(p1, λ1)iΓ(γpp)µ (p1, pa)u(pa, λa)
×i∆(γ)µσ(q1) iΓ(γ→ρ)σν (q1) i∆(ρ) νρ1(q1) i∆(ρ) ρ2κ(p34) iΓ(ρpipi)κ (p3, p4)
×iΓ(IPρρ)ρ2ρ1αβ(p34, q1) i∆(IP )αβ,δη(s2, t2) u¯(p2, λ2)iΓ
(IPpp)
δη (p2, pb)u(pb, λb) . (3.5)
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All propagators and vertices used in (3.5) are defined in section 3 of [16]; see also Appendix B
of [17]. For the IPγ-exchange the amplitude has the same structure with p(pa), p(p1) ↔
p(pb), p(p2), t1 ↔ t2 and s2 ↔ s1. In a similar way we can write down the γf2IR and f2IRγ
amplitudes.
For simplicity, in the following we shall consider the amplitude (3.5) in the high-energy
small-angle limit; see Appendix D of [15]. Including both, pomeron and f2IR exchanges, we
obtain in this way
M(γIP+ γf2IR)
λaλb→λ1λ2pi+pi−
≃ ie(p1 + pa)µF1(t1)δλ1λa
×em
2
ρ
γρ
1
t1
∆(ρ)µρ1(q1)∆
(ρ)
ρ2κ(p34)
gρpipi
2
(p3 − p4)κ F˜ (ρ)(q21)F˜ (ρ)(p234)
×V ρ2ρ1αβ(s2, t2, q1, p34)FM (t2) 2(p2 + pb)α(p2 + pb)βF1(t2)δλ2λb . (3.6)
The function V ρ2ρ1αβ(s2, t2, q1, p34) is as defined in (2.10) and includes two tensorial func-
tions Γ(i) ρ2ρ1αβ(p34,−q1) for i = 0, 2. From (3.21) and (3.22) of [16] we have
qρ11 Γ
(i)
ρ2ρ1αβ
(p34,−q1) = 0 , pρ234 Γ(i)ρ2ρ1αβ(p34,−q1) = 0 ,
gαβΓ
(i)
ρ2ρ1αβ
(p34,−q1) = 0 , i = 0, 2 . (3.7)
Thus, the terms proportional to qµ1 q
ρ1
1 in ∆
(ρ)µρ1(q1) cannot contribute. The same is true
for the terms proportional to pρ234p
κ
34 in ∆
(ρ) ρ2κ(p34). Thus, only the transverse part of the ρ
0
propagator ∆
(ρ)
T (k
2), as defined in (4.1)-(4.4) of [16], contributes in (3.6). As is easily seen,
the same holds for (3.5). The decay vertex for ρ0 → π+π− is well known (e.g. see (3.35)
of [16]) and the relevant coupling constant is gρpipi = 11.51. We emphasize that in the work
[53] the authors found a very good description of the ρ line shape from the e+e− → π+π−
reaction - up to k2 ∼= 2 GeV2 - without a form factor in the ρππ vertex.
In the diagram of Fig. 1 at the pomeron-ρ-ρ vertex the incoming ρ is always off shell,
the outgoing ρ also may be away from the nominal “mass shell” p234 = m
2
ρ. As suggested
in [17], see (B.82) there, we insert, therefore, in the IPρρ vertex extra form factors. A
convenient form, given in (B.85) of [17] is
F˜ (ρ)(k2) =
[
1 +
k2(k2 −m2ρ)
Λ4ρ
]−nρ
. (3.8)
The form factor (3.8) has the property: F˜ (ρ)(0) = F˜ (ρ)(m2ρ) = 1 which is consistent with
the traditional, phenomenologically successful, vector-meson-dominance model.
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3.2 Drell-Söding contribution
The γIP -exchange amplitudes given by the diagrams shown in Fig. 2, can be written on the
Born level for the tensor-pomeron exchange as follows
M(a)
λaλb→λ1λ2pi+pi−
= (−i)u¯(p1, λ1)iΓ(γpp)µ (p1, pa)u(pa, λa) i∆(γ) µν(q1) iΓ(γpipi)ν (pt,−p3)
×i∆(pi)(pt) iΓ(IPpipi)αβ (p4, pt) i∆(IP )αβ,δη(s2, t2) u¯(p2, λ2)iΓ(IPpp)δη (p2, pb)u(pb, λb) ,
(3.9)
M(b)
λaλb→λ1λ2pi+pi−
= (−i)u¯(p1, λ1)iΓ(γpp)µ (p1, pa)u(pa, λa) i∆(γ) µν(q1) iΓ(γpipi)ν (p4, pu)
×i∆(pi)(pu) iΓ(IPpipi)αβ (pu,−p3) i∆(IP )αβ,δη(s2, t2) u¯(p2, λ2)iΓ
(IPpp)
δη (p2, pb)u(pb, λb) ,
(3.10)
M(c)
λaλb→λ1λ2pi+pi−
= (−i)u¯(p1, λ1)iΓ(γpp)µ (p1, pa)u(pa, λa) i∆(γ) µν(q1)
×iΓ(IPγpipi)ν,αβ (q1, p4,−p3) i∆(IP )αβ,δη(s2, t2) u¯(p2, λ2)iΓ
(IPpp)
δη (p2, pb)u(pb, λb) . (3.11)
Above we have introduced pt = pa − p1 − p3 and pu = p4 − pa + p1. In order to as-
sure gauge invariance and “proper” cancellations among the three terms (3.9) to (3.11) we
have introduced, somewhat arbitrarily, one common energy dependence s2 for the pomeron
propagator in all three diagrams instead of naively s24, s23, and s2, respectively, where
sij = (pi + pj)
2. See also the discussion of this point in section 2.5 of [17] where a justifi-
cation for this procedure is given.
For the IPγ-exchange we have the same structure as for the above amplitudes with
p(pa), p(p1) ↔ p(pb), p(p2), t2 ↔ t1, s2 ↔ s1. In a similar way we can write the γf2IR and
f2IRγ amplitudes.
Starting with the IPππ coupling, see Eq. (7.3) of [16], and making a minimal substi-
tution there gives the couplings involving pions, photons and the pomeron (see (B.66) to
(B.71) of [17]). We have the following vertex, see Eq.(3.45) of [16] and (B.69) of [17],
iΓ
(IPpipi)
αβ (k
′, k) = −i2βIPpipi
[
(k′ + k)α(k
′ + k)β − 1
4
gαβ(k
′ + k)2
]
FM ((k
′ − k)2) , (3.12)
where βIPpipi = 1.76 GeV
−1. For the standard electromagnetic vertex we have
iΓ(γpipi)ν (k
′, k) = ie(k′ + k)ν FM ((k
′ − k)2) . (3.13)
Finally, there is the contact term, see (B.71) of [17],
iΓ
(IPγpipi)
ν,αβ (q, k
′, k) = −ie2βIPpipi
[
2gαν(k
′ + k)β + 2gβν(k
′ + k)α − gαβ(k′ + k)ν
]
×FM (q2)FM ((k′ − q − k)2) . (3.14)
Compared to (B.67) and (B.71) of [17] we have introduced in both, (3.13) and (3.14), an
extra form factor FM (q
2) (2.11). For an on shell photon with q2 = 0 this form factor is
equal to 1 and, thus, would not make any difference for the calculations of photoproduction
in [17]. With the normal pion propagator i∆(pi)(k) = i/(k2 −m2pi) the above ansatz for the
vertices guarantees gauge invariance of the π+π− continuum contribution.
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In the high-energy approximation we can write for tensor-pomeron exchange
M(a)
λaλb→λ1λ2pi+pi−
≃ ie2(p1 + pa)µ δλ1λa F1(t1)FM (t1)
1
t1
(pt − p3)µ 1
p2t −m2pi
×2βIPpipi (p4 + pt)α(p4 + pt)β 1
4s2
(−is2α′IP )αIP (t2)−1
×3βIPNN 2(p2 + pb)α(p2 + pb)β δλ2λb F1(t2)FM (t2) , (3.15)
M(b)
λaλb→λ1λ2pi+pi−
≃ ie2(p1 + pa)µ δλ1λa F1(t1)FM (t1)
1
t1
(p4 + pu)µ
1
p2u −m2pi
×2βIPpipi (pu − p3)α(pu − p3)β 1
4s2
(−is2α′IP )αIP (t2)−1
×3βIPNN 2(p2 + pb)α(p2 + pb)β δλ2λb F1(t2)FM (t2) , (3.16)
M(c)
λaλb→λ1λ2pi+pi−
≃ −ie2(p1 + pa)ν δλ1λa
1
t1
F1(t1)FM (t1)
×2βIPpipi [2gαν(p4 − p3)β + 2gβν(p4 − p3)α] 1
4s2
(−is2α′IP )αIP (t2)−1
×3βIPNN 2(p2 + pb)α(p2 + pb)β δλ2λb F1(t2)FM (t2) . (3.17)
Gauge invariance of our expressions can be checked explicitly. As it should be we find from
(3.15) to (3.17)
{M(a) +M(b) +M(c)}|p1+pa→q1 = 0 . (3.18)
For the f2IR-reggeon exchange the formulae have the same tensorial structure and are ob-
tained from (3.15) to (3.17) with the replacements discussed in the paragraph including
(2.8). The formulae above do not include hadronic form factors for the inner subprocesses
γIP → ππ.
A possible way to include form factors for the inner subprocesses is to multiply the
amplitude obtained from (3.15) to (3.17) with a common factor, see [54–56],
M(γIP ) = (M(a) +M(b) +M(c))F (p2t , p2u, p234) . (3.19)
A common form factor for all three diagrams is chosen in order to maintain gauge invariance,
and a convenient form is
F (p2t , p
2
u, p
2
34) =
F 2(p2t ) + F
2(p2u)
1 + F 2(−p234)
. (3.20)
Here we take the monopole form factor which is normalized to unity at the on-shell point
F (m2pi) = 1:
F (p2) =
Λ2pi −m2pi
Λ2pi − p2
. (3.21)
with Λpi being a free parameter. We expect it in the range of 0.8 to 1 GeV.
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3.3 Absorptive corrections
We should add the absorptive corrections to the Born amplitude (3.3) to give the full
physical amplitude for the pp→ ppπ+π− reaction, i.e. we have
Mpp→pppi+pi− =MBornpp→pppi+pi− +Mpp−rescatteringpp→pppi+pi− . (3.22)
Here (and above) we have for simplicity omitted the dependence of the amplitude on kine-
matic variables. The details how to conveniently reduce the number of kinematic integration
variables are discussed in [11].
The amplitude including pp-rescattering corrections in the four-body reaction discussed
here is given by 2
Mpp−rescattering
pp→pppi+pi−
(s,p1⊥,p2⊥) =
i
8π2s
∫
d2k⊥Mpp→pp(s,−k2⊥)MBornpp→pppi+pi−(s, p˜1⊥, p˜2⊥) ,
(3.23)
where p˜1⊥ = p1⊥ − k⊥ and p˜2⊥ = p2⊥ + k⊥. Here, in the overall c.m. system, p1⊥ and
p2⊥ are the transverse components of the momenta of the final-state protons and k⊥ is the
transverse momentum carried around the pomeron loop. Mpp→pp(s,−k2⊥) is the elastic pp
scattering amplitude given by Eq. (6.28) in [16] for large s and with the momentum transfer
t = −k2
⊥
.
4 Results
In this section we present some selected results for cross sections for the discussed photopro-
duction processes. In calculating the cross section of the four-body process (3.1) we perform
integrations in auxiliary variables ξ1 = log10(p1⊥/1GeV) and ξ2 = log10(p2⊥/1GeV) in-
stead of the outgoing proton’s transverse momenta (p1⊥ and p2⊥). For example ξ1 = −1
means p1⊥ = 0.1 GeV. The correlation between the variables ξ1 and ξ2 is displayed in
Fig. 5 at center-of-mass energy at
√
s = 7 TeV. Here we include both the resonant and non-
resonant contributions. The projection on one of the axes is shown in Fig. 6 at two incident
energies at
√
s = 0.5 and 7 TeV. The parameters of the model used here are indicated in
the legend of Fig. 5.
In Fig. 7 we show the two-pion invariant mass distributions for the Drell-Söding con-
tribution alone at two c.m. energies
√
s = 0.5 and 7 TeV, see the lower and upper lines,
respectively. The solid lines correspond to the tensor pomeron and f2IR exchanges in the
amplitude while the dashed lines correspond to the pomeron exchange alone. At the lower
energy one can observe a larger interference effect between the γIP (IPγ) and the γf2IR
(f2IRγ) components in the amplitude (3.3).
Now we turn to the full calculation including the resonant and the non-resonant (Drell-
Söding) contributions. These have to be added at the amplitude level and then squared
to get the cross sections including all interference effects. In Fig. 8 we show the resulting
2We refer the reader to [25–29] for reviews of three-body processes and details concerning the absorption
corrections in the eikonal approximation which takes into account the contribution of elastic pp-rescattering.
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Figure 5. Two-dimensional distribution in the auxiliary variables ξ1 = log10(p1⊥/1GeV) and
ξ2 = log10(p2⊥/1GeV) for the photoproduction mechanism at
√
s = 7 TeV. Plotted is dσ/dξ1dξ2
in µb. In the calculation we have used the parameter set A of coupling constants given by (2.14)
and we have taken Λρ = 2 GeV and nρ = 0.5 in (3.8).
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Figure 6. The distributions in ξ1 at two incident energies
√
s = 0.5 and 7 TeV. The solid line
corresponds to the situation when all, that is, the pomeron and f2IR exchanges in the amplitude
are included. The short-dashed and dotted lines represent the contributions from γ − IP/IR and
IP/IR − γ exchanges, respectively.
two-pion invariant-mass distribution for two different scenarios. In the first scenario (left
panel) we take a relatively hard form factor for the resonant contribution and no form
factors for the inner process for the non-resonant contribution. In our calculations we set
Λρ = 2 GeV and nρ = 0.4, 0.5, or 0.6 in (3.8) and F (p
2
t , p
2
u, p
2
34) = 1 in (3.20). This is
the scenario discussed recently in [17]. In this scenario strong interference effects can be
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Figure 7. Two-pion continuum (Drell-Söding) contributions at
√
s = 0.5 TeV (lower lines) and
7 TeV (upper lines). The solid lines correspond to the tensor pomeron and f2IR exchanges in the
amplitudes while the dashed lines correspond to the pomeron exchange alone. No extra form factors
(3.20) for inner subprocesses are included.
observed. These effects strongly depend on the details of the form factor (compare the three
different lines, corresponding to the three different values of nρ, in the left panel of Fig. 8).
In the present paper we consider also a second scenario (right panel) with softer form factor
(3.8) (Λρ = 1 GeV, nρ = 0.6 and 0.7) and including monopole-like form factors (3.20),
(3.21), for the inner processes with Λpi = 0.8 GeV. The final result for the two scenarios is
rather similar. Therefore, in the following presentation we shall use only the first scenario
as representative.
In Fig. 9 we show the interference effect in the ρ0 mass region. The skewing of the ρ0
shape caused by the interference of the resonant and non-resonant contributions is clearly
exposed. The skewing depends crucially on the choice of the ρ0 form factor parameterisation
(3.8).
In Fig.10 we present distributions in pion transverse momentum p⊥,pi, i.e. p⊥,pi+ or
p⊥,pi− . At small p⊥,pi the resonance contribution is the dominant one. At higher p⊥,pi our
calculation, with the chosen model parameters, gives a strong cancellation between the
resonant and the non-resonant terms.
In Fig. 11 we show rapidity ypi and pseudorapidity ηpi distributions of pions produced in
the photoproduction mechanism. The f2IR exchange included in the amplitude contributes
mainly at backward and forward pion rapidities. Its contribution is nonnegligible even at
the LHC. The dip in the ηpi distribution for |ηpi| → 0 is a kinematic effect; see Appendix D
of [15].
The correlation between ypi+ and ypi− is displayed in Fig. 12. One can observe a strong
correlation between ypi+ and ypi− . This correlation is similar to the correlation studied in
[11, 12] for the Regge-like diffractive production of π+π− continuum, i.e. the pions are
emitted preferentially in the same hemispheres. In contrast to the IP/IR-IP/IR fusion [11],
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Figure 8. Two-pion invariant mass distributions at
√
s = 7 TeV for two different scenarios discussed
in the main text. The ρ0 (red lines), continuum (blue lines) and total (black lines) contributions are
shown. The left panel corresponds to a “hard” form factor (3.8) and the form factor F (p2t , p
2
u, p
2
34) =
1 in (3.20) for the inner processes. The right panel corresponds to a “soft” form factor (3.8) and a
non-trivial form factor (3.21) for the inner processes.
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Figure 9. Two-pion invariant mass distribution at
√
s = 7 TeV for the resonant and non-resonant
contributions as well as their coherent sum. The interference term of ρ0 with the π+π− continuum
is also shown. We have taken here Λρ = 2 GeV and nρ = 0.5 in (3.8).
where the camel-like shape was predicted, no large |ypi| enhancement is predicted for the
photoproduction case.
In Fig. 13 we show the cross section as a function of the azimuthal angle between
the transverse momentum vectors of the two outgoing protons (left panel) and between
the outgoing pions (right panel) for the photoproduction mechanism. In the first case the
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Figure 10. The distributions in pion transverse momentum for the central exclusive ρ0 → π+π−
and continuum π+π− production at
√
s = 7 TeV. The meaning of the lines is the same as in Fig. 8
(left panel).
effect of deviation from a constant is due to interference of photon-pomeron and pomeron-
photon amplitudes. The interference is different for pp- and pp¯-collisions because proton
and antiproton have opposite charges. A similar effect was first discussed in Ref. [25] for the
exclusive production of J/ψ mesons. These correlations are rather different than those for
the double-pomeron mechanism [12, 14] and could therefore be used for at least a partial
separation of the two mechanisms. The absorption effects, see e.g. [14, 27], lead to extra
decorrelation in azimuth compared to the Born-level results presented here.
Finally, in Fig. 14 we compare the photoproduction contribution with the double-
pomeron/reggeon contribution one (for details see [11–13]). The absorption effects due
to pp-interaction lead to huge damping of the cross section for pomeron-pomeron fusion
and relatively small reduction of the cross section for the photoproduction mechanism.
The dependence of absorption on Mpipi is quantified by the ratio of full and Born cross
sections < S2(Mpipi) >=
dσBorn+ pp−rescattering/dMpipi
dσBorn/dMpipi
. We obtain < S2 >≃ 0.9 for the
photon-pomeron/reggeon contribution and < S2 >≃ 0.2 for the double-pomeron/reggeon
contribution. We observe that at midrapidities, imposing e.g. the cut |ηpi| < 0.9, the
photoproduction term could be visible in experiments.
In the present study we do not include interference effects between the photoproduction
and the purely diffractive amplitudes. This goes beyond the scope of the present paper. We
leave a detailed analysis of such effects for future studies when the diffractive mechanism
with tensorial pomeron/reggeon will be discussed.
In Table 1 we have collected cross sections in µb for the exclusive π+π− photoproduction
contributions, see Figs. 1 and 2, for kinematical range of “ρ0 - mass window” 2mpi 6 Mpipi 6
1.5 GeV and when some experimental cuts are imposed.
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Figure 11. Rapidity (upper row) and pseudorapidity (lower row) distributions of pions produced in
the photoproduction mechanism at
√
s = 0.5 and 7 TeV. The solid lines correspond to the pomeron
and f2IR exchanges in the amplitudes while the dashed lines correspond to the pomeron exchange
alone.
5 Conclusions and Outlook
In the present paper we have made first estimates of the ρ0 resonance and the Drell-Söding
contributions to the pp→ ppπ+π− and pp¯→ pp¯π+π− reactions. We have shown several dif-
ferential distributions in pion rapidities and transverse momenta as well as some observables
related to final state protons. The photoproduction contribution constitutes several percent
of the double-pomeron/reggeon contribution presented here in a simple Regge-like model,
strongly depending on the invariant mass of the two-pion system. In the photoproduction
contribution the rapidities of the two pions are strongly correlated and ypi+ ≈ ypi− . This
is similar as for the double-pomeron/reggeon exchanges in the fully diffractive mechanism.
The dependence on transverse momenta of pions is somewhat different for the two contri-
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√
s = 7 TeV. Plotted is dσ/dypi+dypi− in µb.
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Figure 13. The distribution in azimuthal angle between the outgoing protons (left panel) and
between the outgoing pions (right panel) for the central exclusive photoproduction at
√
s = 7 TeV.
The solid lines correspond to the pomeron and f2IR exchanges in the amplitudes while the long-
dashed lines correspond to the pomeron exchange alone. The short-dashed line represents the
contribution from γ − IP/IR (or IP/IR − γ) exchange.
butions. Therefore, including transverse momentum dependent cuts changes the relative
size of the photoproduction and double-pomeron/reggeon contributions.
Our cross section for pp → pp(ρ0 → π+π−) is slightly larger than for the pp → ppρ0
with fixed sharp resonance mass. This is partly due to the different phase space for the
four-body and three-body reactions.
The ρ0-photoproduction and purely diffractive contributions have different dependences
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Figure 14. Two-pion invariant mass distributions at
√
s = 7 TeV with kinematical cuts specified in
the figure. We show results for the double-pomeron/reggeon contribution calculated in the simple
Lebiedowicz-Szczurek Regge-like model [11, 14] and from the photon-pomeron/reggeon contribution
as discussed in the present paper, without (dashed lines) and with (solid lines) absorption effects
due to the pp-interaction. The calculation of double-pomeron/reggeon contribution was done with
the cut-off parameter Λ2off,E = 1.2 GeV
2 in the off-shell pion form factors (see Section 2.3 of [14]).
√
s, TeV IP and f2IR IP
0.2 2.22 1.36
0.5 3.38 2.31
1.96 5.77 4.51
7 7.80 6.64
0.2 (STAR cuts) 0.011 0.008
7 (ALICE cuts) 0.59 0.58
7 (CMS cuts) 2.61 2.53
Table 1. The integrated cross sections in µb for the central exclusive π+π− production in pp
collisions via the photoproduction mechanism without and with some typical experimental cuts.
The line with
√
s = 1.96 TeV corresponds to the pp¯ collision. The column “IP and f2IR” shows the
resulting total cross sections from IP and f2IR exchanges, which include, of course, the interference
term between the two components. The column “IP ” shows results obtained for the IP exchange
alone. In the calculations for the last three lines the following cuts were imposed: |ηpi | < 1.0,
|ηpipi | < 2.0, p⊥,pi > 0.15 GeV, 0.005 < −t1,−t2 < 0.03 GeV2 at
√
s = 200 GeV (STAR cuts) while
at the LHC energies |ypi| < 2.5, p⊥,pi > 0.1 GeV (CMS cuts) and |ηpi | < 0.9, p⊥,pi > 0.1 GeV (ALICE
cuts).
on the proton transverse momenta. This could be used to separate the ρ0 contribution. Also
azimuthal angle correlations between protons are quite different. One could separate the
space in azimuthal angle into two regions: φpp < 90
o and φpp > 90
o. The contribution
of ρ0 in the first region should be strongly enhanced for pp-collisions (this is not true for
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pp¯-collisions). We therefore conclude that the measurement of forward/backward protons is
crucial for a better understanding of the mechanism of the pp→ ppπ+π− reaction, see e.g.
[8]. Both, the ALFA detector associated with the ATLAS main detector and particularly
the TOTEM detector associated with the CMS main detector could be used to measure
protons and pions in coincidence, see [10]. Also a cut on φpipi could help to enhance the ρ
0
contribution.
In general, the ρ0 and the whole photoproduction contribution could be obtained from
partial wave analysis of the experimental results. Whether this is possible requires dedicated
Monte Carlo studies.
We have also discussed the role of soft pp-rescattering corrections which lead to a shape
deformation of differential distributions in contrast to the commonly used uniform factor
known as gap survival factor. The absorptive corrections for photon induced reactions lead
to about 10% reduction of the cross section. In the case of the photon-mediated contribution
to central exclusive production of heavier mesons the effect is even larger, see e.g. [28].
In future work we shall present a calculation of the remaining processes leading to
central exclusive π+π− production in pp and pp¯ collisions. These are, as already mentioned
in the introduction, continuum π+π− production via pomeron/reggeon - pomeron/reggeon
fusion and f2(1270) production by the same mechanisms with the f2 decaying into π
+π−.
All these reactions can be treated in the model for high-energy soft reactions presented in
[16]. Concerning the photon-mediated processes discussed in the present paper one could
also include the Pauli form factor in the proton’s electromagnetic vertex as was done recently
for exclusive production of J/ψ meson [28]. The effect of enhancements is expected only at
large transverse momenta of the dipion pairs.
To summarise: using the tensor-pomeron approach we have treated the photon-mediated
contributions to the central exclusive production of π+π− in pp and pp¯ collisions. The cou-
plings involved are, in essence, known. Thus the predictions made with our model should
be quite solid. This should give guidelines and a target to shoot at for experimentalists
working on soft high-energy reactions at colliders.
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